[1] We present the first regional surface velocity field for Central America, showing crustal response to interaction of the Cocos and Caribbean plates. Elastic half-space models for interseismic strain accumulation on the dipping subduction plate boundary fit the GPS data well and show strain accumulation offshore and beneath the Nicoya and Osa peninsulas in Costa Rica but not in Nicaragua. Since large subduction zone earthquakes occur in Nicaragua, we suggest that interseismic locking in Nicaragua and some other parts of Central America occurs but is mainly shallow, <20 km depth, too far offshore to be detected by our on-land GPS measurements. Our data also show significant trench-parallel motion for most of the region, generally interpreted as due to oblique convergence and strong mechanical coupling between subducting and overriding plates. However, trench-parallel motion is also observed in central Costa Rica, where plate convergence is normal to the trench, and in the Nicaraguan fore arc, where trench-parallel motion is fast, up to 9 mm a À1 , but mechanical coupling is low. A finite element model of collision (as opposed to subduction) involving the aseismic Cocos Ridge also fits the GPS surface velocity field, most significantly reproducing the pattern of trench-parallel motion. We infer that buoyant, thickened CNS-2-Cocos Ridge crust resists normal subduction and instead acts as an indenter to the Caribbean plate, driving crustal shortening in southern Costa Rica and contributing to trench-parallel fore-arc motion in Costa Rica and perhaps Nicaragua as a type of tectonic escape.
Introduction
[2] In the last 2 decades, space geodetic techniques such as GPS have provided increasingly detailed kinematic descriptions of the deforming upper plate in subduction zones. These descriptions allow inferences about the seismic source and associated processes and longer-term deformation. While it has long been recognized that the surface velocity or strain field at a subduction zone is dominated by elastic, seismic cycle processes, it may also be true that some fraction of geodetically measured displacement involves permanent upper plate deformation, for example translation or rotation of rigid fore-arc blocks [McCaffrey, 2002; Allmendinger et al., 2005] or generation of Andean-style mountain belts via crustal shortening in the plate convergence direction.
[3] In this paper we present new GPS data defining the first regional surface velocity field for Central America. We integrate these data with published geophysical and geologic data to investigate elastic and permanent deformation in the region, in particular describing the magnitude and pattern of coupling on the Central American subduction zone and trench-parallel translation of the fore arc. Additionally, we explore the possible driving forces for fore-arc translation. In contrast to previous studies emphasizing the role of slip partitioning caused by oblique convergence and coupling along the plate interface in driving this motion, we suggest an important role for Cocos Ridge collision, whereby the ridge acts as a rigid indenter and arc-parallel fore-arc motion represents tectonic escape.
Tectonics of Central America
[4] The isthmus of Central America is bounded by five tectonic plates; the North American, Caribbean, South American, Nazca and Cocos plates. Here we investigate the interaction of the Cocos and Caribbean plates and the kinematics of the Central American fore arc. Interaction of the Cocos and Caribbean plates, including interseismic coupling and long-term deformation of the upper plate, may depend on a variety of subduction parameters, including convergence rate, azimuth and obliquity, and slab dip, age and morphology, all of which vary significantly along strike of the Central America subduction zone. The Cocos plate subducts northeastward along the Middle America Trench at rates of 76-91 mm a À1 relative to the Caribbean plate ( Figure 1 ) [DeMets, 2001] . Relative motion between the Cocos and Nazca plates takes place on the approximately north trending right-lateral Panama, Balboa and Coiba fracture zones (Figure 1 ).
[5] Convergence azimuth relative to the trench varies along strike; southeast of Nicoya Peninsula, Costa Rica convergence is orthogonal, while along the Nicaraguan margin it is up to 25°oblique to the trench (Figure 2 ). This convergence obliquity is thought to lead to slip partitioning along the Central American margin and trench-parallel motion of the fore arc at rates as high as 14-15 mm a À1 [DeMets, 2001; Turner et al., 2007] . This motion was first postulated on the basis of focal mechanisms of intraarc earthquakes [Molnar and Sykes, 1969] and later by the study of the deviation of interplate earthquake slip vectors from the plate convergence direction [McCaffrey, 1992; DeMets, 2001] and GPS displacement data [Lundgren et al., 1999; McCaffrey, 2002; Norabuena et al., 2004; Turner et al., 2007] . Unlike the classic slip partitioning case of Sumatra, there is no well-defined margin-parallel strike slip fault. Strain in the fore arc of Costa Rica is accommodated on northwest and northeast trending strike slip and oblique slip conjugate faults [Marshall et al., 2000] . In Nicaragua, fore-arc motion parallel to the trench is accommodated by Figure 1 . Topographic and bathymetric (GEBCO database) map of Central America. Focal mechanisms and open stars for M ! 6 earthquakes (Global CMT Project and USGS-NEIC; dates for events described in text are noted) indicate active block and plate boundaries [Bird, 2003] (heavy black lines). Black vectors indicate relative rate and azimuth between the Cocos and Caribbean plates [DeMets, 2001] and Nazca-Caribbean plates [Sella et al., 2002] . The Panama (PFZ), Balboa (BFZ), and Coiba (CFZ) Fracture Zones are shown. Black triangles are Holocene volcanoes from the Smithsonian Global Volcanism Program. Thin black lines indicate national boundaries. The Fila Costena (FC) and Cordillera de Talamanca (CdT) are shown in southern Costa Rica, as well as the Azuero Peninsula, Panama (AP). Inset shows tectonic setting of the Central American isthmus, including the plates that interact in this region: North America (NA), Caribbean (CA), South America (SA), Nazca (NZ), Cocos (CO), and Pacific (PA). northeast striking (arc-normal) left-lateral faults, block rotation, and east-west extension [McCaffrey, 1992 [McCaffrey, , 1996 La Femina et al., 2002] . In El Salvador, fore-arc motion appears to be accommodated along northwest trending (arc parallel) right-lateral strike slip faults [Corti et al., 2005] , although more complex fault geometries (e.g., margin-normal faults as in Nicaragua and Costa Rica) cannot be ruled out [Carr, 1976] .
[6] The Cocos plate offshore Central America has a complex history that correlates with slab dip [Protti et al., 1995] and may correlate with distribution of plate coupling and upper plate deformation. Northwest of the Nicoya Peninsula, Cocos plate lithosphere formed at the East Pacific Rise (EPR) !23 Ma (Figure 3a) . Cocos lithosphere offshore Nicoya Peninsula and to the southeast formed at the Cocos-Nazca spreading (CNS) center and records two ridge jumps, CNS-1 (23 Ma) and CNS-2 (19 Ma) [Barckhausen et al., 2001] . CNS-2 lithosphere decreases in age southward from 19 Ma to 15 Ma, and includes the overprinted 13-14.5 Ma aseismic Cocos Ridge and seamount domain [Werner et al., 1999] . This along-strike variation in Cocos plate age results in variable Cocos slab thermal structure [Spinelli and Saffer, 2004] , which has been linked to seismogenesis along the Nicoya segment [Newman et al., 2002; Norabuena et al., 2004; DeShon et al., 2006] .
[7] The Cocos Ridge stands !2 km above surrounding seafloor and sits atop CNS-2 crust that can exceed 20 km thickness, roughly double the thickness of standard oceanic crust (Figures 3a and  3b) [Walther, 2003] . The Cocos Ridge, subparallel seamount chains and triple junction traces are oriented 10°clockwise from the Cocos-Caribbean relative plate motion vector ($N24°E), which results in northwest migration of these features relative to the upper plate [Barckhausen et al., 2001] . CNS-2 and Cocos Ridge crust abuts the seismically active Panama, Balboa and Coiba fracture zones and is juxtaposed against the Nazca plate composed of CNS-1 crust overprinted with the !15 Ma Coiba Ridge (Figure 3a ) [Werner et al., 1999] . The north trending Cocos-Nazca plate boundary migrates southeastward relative to Caribbean plate at $35 mm a À1 .
[8] The along-strike variability in age and bathymetry correlates with the dip of the subducting Cocos plate offshore Central America. Local and global seismic tomography, seismic reflection and earthquake studies indicate that:
[9] 1. The dip and depth of the Wadati-Benioff zone decreases from Nicaragua to Costa Rica, with significant changes across the EPR and CNS boundaries. The slab is contorted along the EPR to CNS-1 boundary [Protti et al., 1994] . DeShon et al. [2006] suggest $5 km vertical offset in relocated plate interface microseismicity across the EPR to CNS-1 boundary;
[10] 2. There is no seismically defined slab northeast (inboard) of Cocos Ridge or Nazca plate at depths >60 km [Vergara Munoz, 1988; Protti et al., 1994] ;
[11] 3. Historical, large magnitude plate interface earthquakes (M w > 7) may correlate with the locations of subducted seamounts or bathymetric features (e.g., 1992 Nicaragua [McIntosh et al., 2007 ], 1950 Nicoya [Husen et al., 2002 , 1983 Osa [Adamek et al., 1987] , and 1999 Quepos ] events) ( Figure 1 Nicoya and Osa peninsulas and Quepos region [Gardner et al., 1992; Fisher et al., 1998; Gardner et al., 2001; Sak et al., 2004] .
[12] 4. The Caribbean plate is underthrusting Central America along the North Panama Deformed Belt (NPDB). Large magnitude (M > 7.0) historical thrust earthquakes have occurred repeatedly along the NPDB (Figure 1 ) [Plafker and Ward, 1992; Goes et al., 1993; Lundgren et al., 1993; Tajima and Kikuchi, 1995] .
[13] Maximum uplift and shortening of the Costa Rican fore arc occurs directly inboard of Cocos Ridge. Quaternary shortening exceeds 15 km (10-40 mm a
À1
) across the fore arc Fila Costeña fold and thrust belt Sitchler et al., 2007] . The Cordillera de Talamanca, a roughly 4 km high mountain range, located between the Fila Costeña thrust belt and the NPDB (Figure 1 ) exposes plutonic rocks as young as 6 Ma [MacMillan et al., 2004] , implying rapid uplift. The Central Costa Rican Deformed Belt [Marshall et al., 2000] and faults of the Azuero Peninsula, Panama Silver et al., 1990] cut the Central American isthmus northwest and southeast of Cocos Ridge, respectively, and mark the diffuse eastern and western boundaries of the Panama block.
GPS Velocity Field
[14] Our GPS velocity field is based on episodic (E) and continuous (C) GPS observations and resultant time series spanning the period 1993-2005. We combine EGPS data sets presented by Lundgren et al. [1993 Lundgren et al. [ , 1999 , Trenkamp et al. [2002] , Norabuena et al. [2004] , and Turner et al. [2007] with new EGPS and CGPS data to define the secular velocity field for this time period. All data were reprocessed in a consistent reference frame (ITRF00) (Table 1) using GIPSY-OASIS II [Zumberge et al., 1997] following the methods of Sella et al. [2002] . The networks within each country are variable in spatial and temporal sampling ( Figure 4 and Table 1 ). We estimate site velocities for 79 sites (69 EGPS and 10 CGPS). The velocities for three EGPS sites located in eastern Panama are given in Tables 1 and 2 , but these sites are located outside of the model area and are not presented in Figure 4 .
[15] Site velocity vectors are plotted relative to a stable Caribbean plate reference frame ( Figure 4 and Table 2 ) [Lopez et al., 2006] . The horizontal velocity components that are respectively parallel and perpendicular to the plate convergence direction are plotted for three margin-normal transects in Figure 5 (see Figure 4 for transect locations). Two features of the velocity field are noteworthy. First, rates of displacement are high in the outer fore arc; sites on Nicoya and Osa peninsulas move northeastward at rates up to 25 and 44 mm a À1 , respectively. Second, while the margin-parallel component is insignificant in southern Costa Rica (i.e., essentially all motion is parallel to the plate convergence direction), it is significant in the other two transects ( Figure 5 ). Sites in a $50 km wide swath normal to the trench and centered on Cocos Ridge (offshore) and Osa Peninsula move essentially parallel to the Cocos-Caribbean relative convergence direction ($N21°E). Northwest and southeast of Osa Peninsula, velocities are rotated counterclockwise and clockwise, respectively, from the plate convergence direction (Figure 4) . [Lopez et al., 2006] (Table 2 ). Large black vectors indicate the relative rate and azimuth between the Cocos and Caribbean plates [DeMets, 2001] and Nazca-Caribbean plates [Sella et al., 2002] . Short black arrow (20 mm a À1 ) shows scale for velocity vectors. Black boxes indicate area of data used for profiles shown in Figure 5 . The velocity field is poorly constrained in northern Panama, but the available data suggest clockwise rotation away from Cocos Ridge. In Nicaragua, counterclockwise rotation from the plate convergence direction is extreme, with many sites moving essentially parallel to the trench [Turner et al., 2007] .
[16] Recent analysis of time series for three CGPS sites on Nicoya Peninsula [Protti et al., 2004] and pressure and temperature records [Davis and Villinger, 2006] offshore Nicoya Peninsula suggest the occurrence of slow slip transients on this portion of the Central American margin. The limited temporal and spatial extents of CGPS data at this time make it difficult to constrain the effects of this process on EGPS velocities [e.g., Larson et al., 2004] .
Modeling
[17] The interseismic velocity field in Central America and in most other subduction plate boundaries is usually interpreted in terms of two major processes: strain accumulation due to locking on the shallow (less than 50 km depth) part of the plate boundary, and trench-parallel translation of the fore arc due to oblique convergence and slip partitioning [e.g., Dixon, 1993; Lundgren et al., 1999; McCaffrey, 2002; Norabuena et al., 2004; Turner et al., 2007] . To a first approximation, the former may be regarded as a purely elastic (earthquake cycle) process, generating no net deformation of overriding plate lithosphere, while the latter is capable of generating considerable long-term displacement of fore-arc terrains [Beck, 1991] . In the first part of this paper, we investigate the surface kinematics of the region using block models, inverting for interseismic elastic strain accumulation (fault coupling) on block bounding faults and fore-arc block rotation (slip partitioning). We show that oblique convergence and mechanical coupling between the subducting and overriding plates do not fully explain the pattern of trench-parallel motion we observe. In the second part of the paper, we focus on longer time scales, and test whether a mechanical model of Cocos Ridge collision can reproduce our observed surface velocity field.
Interseismic Elastic Strain Accumulation Models
[18] For most of the region, three-dimensional models are clearly required since there is significant motion perpendicular to the plate convergence direction (Figures 4 and 5) . However, in southern Costa Rica, where motion is essentially parallel to the plate convergence direction, a two-dimensional elastic half-space model of a locked, dipping thrust fault [Savage, 1983] adequately represents the data. Figure 6 shows the fit of our GPS velocities to this simple model, with two locked thrust faults of opposite dip, accounting for deformation on the main plate boundary and NPDB, respectively. The data are well fit with rates of 65 mm a À1 (plate boundary) and 25 mm a À1 (NPDB). Summed motion on the two faults (90 mm a À1 ) is essentially identical to the long-term geologic estimate for overall Cocos-Caribbean relative plate motion, 90.5 mm a À1 at this location [DeMets, 2001] . In the three-dimensional block models (below), we use the long-term geologic estimate as a formal constraint.
[19] In subduction zones where oblique convergence and mechanical coupling have led to slip partitioning and formation of margin-parallel strike slip faults (e.g., Sumatra) or collision has lead to back arc thrusting on faults antithetic to the main plate boundary thrust (e.g., New Hebrides), the fore arc is detached from the main overriding plate and can be considered as a separate tectonic block. This type of plate boundary system can be treated as a three-plate problem to quantify elastic strain accumulation on block-bounding faults and relative motion between the fore-arc block, and subducting and overriding plates [McCaffrey, 2002] . Here, our three-plate system consists of the Cocos and Caribbean plates and Central American fore-arc block (Figure 7) . [20] The geometry and location of the Central American seismogenic zone and NPDB are constrained using published geologic and geophysical data ( Figure 7 ). The Central American seismogenic zone has variable dip and depth along strike in the model, matching available geophysical data [Adamek et al., 1987; Protti et al., 1994; Stavenhagen et al., 1996; Sallarès et al., 2000; DeShon et al., 2003 DeShon et al., , 2006 McIntosh et al., 2007] . We assume the NPDB has a constant dip based on the fault plane solution for the 1991 Valle de Estrella/El Limon earthquake [Goes et al., 1993; Suarez et al., 1995; Tajima and Kikuchi, 1995] . The fore-arc strike slip fault is modeled as a vertical fault following the strike of the Central American volcanic arc and roughly parallel to the margin (Figure 7) . The fault begins at Turialba Volcano, Costa Rica, where it merges with the western extent of the NPDB, and ends at Santa Maria Volcano, Guatemala (Figure 7) . The NPDB and fore-arc strike slip fault define the boundary between the fore arc and Caribbean plate.
[21] The Cocos-Caribbean angular velocity of DeMets [2001] and a fixed Caribbean plate reference frame are used as boundary conditions for the model. We simultaneously invert the horizontal and vertical components of the GPS velocity vectors ( Figure 4 and Table 2 ) and earthquake slip vectors using DEFNODE [McCaffrey, 1992 [McCaffrey, , 2002 . Earthquake slip vectors used in the inversion are filtered following McCaffrey [1992 McCaffrey [ , 2002 and shown in Figure 2 . We use only plate interface earthquakes from the global CMT database with M ! 6 and depths less than 60 km. We solve for (1) interseismic elastic strain accumulation and the magnitude and pattern of coupling on block bounding faults, (2) Euler vectors describing Central American fore-arc block motion relative to the Cocos and Caribbean plates, and (3) rates and azimuths of relative block motion using the new Euler vectors.
[22] The model fault planes are discretized in three dimensions by nodes spaced according to a resolution test (see below) and the fault plane geometries described above. Coupling (8) is defined as the ratio of ''locked slip'' to total relative block motion (8 = 0 represents fault creep at the full relative plate rate, while 8 = 1 is equivalent to a fully locked fault, with a creep rate of zero). The magnitude of coupling can be constrained on individual nodes and across the fault plane [e.g., McCaffrey, 2002] . We test models where the magnitude and pattern of coupling are either defined (i.e., the distribution of coupling on the fault plane is prescribed) or not defined.
[23] Our data set has significant spatial variability, with closely spaced stations in northern and southern Costa Rica ($25 km average station spacing), and much sparser sampling in central Costa Rica and Nicaragua (Figure 4) . We test the resolving power of our geodetic network to estimate the degree and pattern of coupling along the seismogenic zone using ''checkerboard tests.'' The fault plane is discretized into rectangular patches of varying sizes, with either full (8 = 1.0) or no (8 = 0.0) coupling (Figure 8a ). A forward model is then implemented to calculate the theoretical surface velocity at each site corresponding to the imposed slip pattern. The GPS measurement uncertainties are added to the synthetic velocity field and the resulting velocity field is then inverted for the degree and pattern of coupling. Figure 8b shows the result of one such test (representing our final patch distribution), with patch size ranging from 75 km (along strike) and $50 km (downdip) in northern Costa Rica to as much as 500 km along strike in central Nicaragua and northward (Figure 8a) . A test for the minimum patch size at the latitude of Nicoya peninsula indicates that patches with dimensions of $50 km by $50 km are resolvable. The test results indicate that our network can resolve coupling up to 20 km offshore the Nicoya and Osa peninsulas, including the region northwest of Nicoya Peninsula. Our geodetic network, however, has difficulties resolving the pattern of coupling farther offshore in central Costa Rica, where the network does not have high enough spatial density on the coast, and in Nicaragua, where the fore arc is more than 150 km from the trench (Figure 8b ).
[24] Studies of interseismic elastic strain accumulation at subduction zones have demonstrated the inability of geodetic networks to fully resolve the updip limit of seismogenic zone coupling offshore and out to the trench [McCaffrey, 2002; Wang et al., 2003] . Analyses of slip partitioning models by McCaffrey et al. [2000] and McCaffrey [2002] suggest that if the plate boundary is not fully coupled (8 = 1.0) out to the trench, anomalously high strain rates are produced in the outer fore arc.
To address these issues we tried several modeling approaches (Table 3 ). In models 1 and 2 the distribution of locking on the fault plane is constrained as follows. In model 1, the fault plane is fully coupled at the trench, and the downdip pattern of coupling is based on the effective transition zone model of Wang et al. [2003] . The fault plane is fully coupled from the surface to a depth, Z 1 , then coupling decays exponentially to a depth, Z 2 (Figure 9a ). Values for Z 1 and Z 2 are varied over a limited range. In model 2 (Figure 9b ), the fault plane is fully coupled (8 = 1) at the trench and decreases linearly to 8 = 0 at the downdip end of the seismogenic zone. In model 3 ( Figure 9c ) the distribution of locking is not constrained. For both models 2 and 3, the pattern of coupling is constrained north of Nicoya Peninsula, where nodes are constrained not to vary along strike because of the limited data in this region. Model 4 (Figure 9d ) is similar to model 1, but the fore arc is split into two independent blocks; a smaller fore-arc block and a Panama block, separated by the Central Costa Rica Deformed Belt (Figures 1 and 9d) . Table 3 presents the relative plate rates and azimuths for the best fit models.
Coupling Along the Central America Seismogenic Zone in Costa Rica
[25] All four models indicate the following: (1) the highest resolvable coupling is centered along the central Nicoya segment, (2) coupling along the Nicoya and Osa segments of the Central America seismogenic zone is roughly 50% of the total convergence rate (8 ffi 0.5), (3) coupling on the Central America seismogenic zone at the latitude of Osa Peninsula is over a broad ($100 km) region, (4) coupling offshore Nicaragua must be shallow (i.e., less than 20 km depth), and (5) there are obvious spatial differences in the coupling pattern between subducting EPR and CNS lithosphere. However, there are important differences in the estimated patterns of coupling and relative plate and block rates (Table 3) . Models 1 and 2 have an elongate zone of $50% coupling (8 ffi 0.5) from the trench to beneath Nicoya Peninsula (Figures 9a  and 9b ). The results of the effective transition zone models indicate that ranges in depth Z 1 of 0-20 km and depth Z 2 of 25-40 km fit the data equally well.
In the best fit model (model 1), Z 1 = 20 km and Z 2 = 40 km (Figure 9a ). Model 3 results in a patch of 50% coupling directly beneath Nicoya Peninsula (Figure 9c ). This result differs somewhat from that of Norabuena et al. [2004] in that the patch is located beneath, not offshore Nicoya Peninsula. The results of the two studies may differ because Figure 9 . Best fit results for models 1 to 4. Observed (black) and modeled (gray) velocities indicate good fits to the velocity field in the outer fore-arc Nicoya Peninsula and area of fore-arc motion to the northwest. However, the models do not reproduce well the velocity field northwest and southeast of Osa Peninsula and Cocos Ridge. All models indicate roughly 50% coupling offshore Nicoya and Osa peninsulas and a broad region of coupling at Osa Peninsula. Shallow coupling is required offshore Nicaragua in all models. Northwest of Nicoya Peninsula, the pattern of coupling is constrained for models 2 and 3; nodes along strike have the same coupling value. We define coupling in this region because of the inability of our network to resolve the pattern of coupling offshore. Figure 1 for boundary geometry). The latter is the result of a patch of $50% coupling northwest of Nicoya Peninsula.
here we simultaneously inverted for coupling and block motion, instead of calculating them independently as was done by Norabuena et al. [2004] . In addition, the data sets are substantially different.
We use approximately double the number of GPS sites and both horizontal and vertical velocities; Norabuena et al. [2004] used only the horizontal. Note that our EGPS measurements will not necessarily capture all interseismic strain if slow slip events are common here. In this case our coupling estimates should be considered minimum estimates.
[26] Our new estimates of coupling on the plate interface allow us to estimate the amount of elastic strain (or slip deficit) accumulated since the last earthquake on a given segment of the plate boundary. These estimates assume a simple model of steady elastic strain accumulation. Strain sampled by the EGPS data is assumed to be representative of the entire seismic cycle, and earthquakes are assumed to be strictly periodic and have occurred on the same fault segments. With these assumptions, it appears that there is a slip deficit on the Osa segment despite three recent large earthquakes. 10.5 À7.2 ± 2.5 3.7 ± 4.0 0.0409 8.1 ± 2.8 À62.7 ± 18.3 Nicaragua FORE_CARI À86.25 12 À9.4 ± 3.8 1.8 ± 3.6 0.1338 9.6 ± 3.7 À78.9 ± 16.6 El Salvador FORE_CARI À89 13 À10.9 ± 5.4 À2.3 ± 6.9 0.7625 11.1 ± 6.4 258.3 ± 21.6
a Blocks are Central American fore arc (FORE), Caribbean plate (CARI), Cocos plate (COCO), and Panama (PANA). Rates and azimuths are for first block relative to second block.
b Reduced chi square. The plate boundary is currently accumulating slip deficit at a rate of $44 mm a À1 , i.e., $50% coupling at a rate of $87 mm a À1 ( Figure 9 and Table 3 , model 1). For the 43 years between the 1940 and 1983 earthquakes, a slip deficit of $1.9 m accumulated. Tajima and Kikuchi [1995] estimated only 0.6 m of slip for the 1983 M w 7.3 earthquake. This indicates a slip deficit of $1.3 m for that earthquake. Approximately 0.9 m has accumulated since 1983 for a total of 2.2 m. This suggests that the Osa segment is either ''ready'' for a large magnitude earthquake or that strain is being released aseismically, either as afterslip following M > 7 earthquakes (prior to our measurements) or during transient slow slip events. An alternate interpretation of these data is presented in the following section.
Geochemistry Geophysics
[27] Similarly, the Nicoya segment last had a large earthquake in 1950. Our new model results ( Figure 9 and Table 3) suggest that it is accumulating a slip deficit at a rate up to $42 mm a À1 (i.e., $50% coupling at a rate of $84 mm a À1 ), indicating an accumulation of $2.2 m of slip deficit, presumably to be released during the next earthquake. Again, transient slow slip events unrecorded by our EGPS observations [e.g., Protti et al., 2004] , may relieve some fraction of the accumulated slip deficit.
Coupling Along the Central America Seismogenic Zone Offshore Nicaragua
[28] The velocity field in the Nicaraguan fore arc indicates significant margin-parallel motion; there is essentially no margin-normal velocity recorded here (Figures 4 and 5) . Since plate boundary earthquakes occur offshore Nicaragua, this segment must be coupled, but our models restrict coupling to shallow depths (<20 km); deeper locking is not allowed by the data. The last major plate boundary earthquake, the 1992 M s 7.2 tsunami earthquake, had a focal mechanism indicating pure thrusting, and a shallow rupture plane, less than 20 km depth [Ide et al., 1993; Satake, 1994] . This implies strain accumulation prior to this event more than 80 km offshore, beyond the resolution of our terrestrial network (Figure 8b ).
Fore-Arc Motion in Central America
[29] Our new velocity field and modeling results ( Figure 9 and Table 3 ) indicate trench-parallel forearc motion from central Costa Rica to El Salvador and Guatemala and allow for improved estimates of this motion. The velocity field indicates fore-arc motion to the east-northeast into western Panama, but this is not predicted by any of the four models (Figures 9a-9d) . The best fit model (model 1) indicates northwest fore-arc motion at rates of $8 mm a À1 in northern Costa Rica to $9 mm a
À1
in El Salvador (Table 3 ). In addition, the azimuth of fore-arc motion rotates counterclockwise, following the plate boundary. This rotation is defined by the estimated Euler vector for the Central American fore-arc block relative to the Caribbean plate (E 269.85, N 3.90, 0 .469°/Ma).
[30] While our block model assumes discrete, piecewise planar boundaries (Figure 7) , in fact the Caribbean-fore arc boundary is more likely a diffuse, deforming zone dominated by dextral shear [McCaffrey, 1996; La Femina et al., 2002] , but accommodated by combined block rotation and extension, not reflected in our model. We tested the effects of splitting the fore arc into two discrete tectonic blocks separated by the Central Costa Rica Deformed Belt as described by Marshall et al. [2000] . Figure 9d and Table 3 give the results of model 4. This model suggests higher rates of forearc motion, but did not significantly improve the misfit.
[31] Fore-arc motion in Central America was first postulated by Molnar and Sykes [1969] on the basis of focal mechanism solutions of intraplate (arc and fore arc) earthquakes. Fore-arc motion has more recently been quantified through analysis of the deflection of interplate earthquake slip vectors [McCaffrey, 1992 [McCaffrey, , 1996 Lundgren et al. [1999] and earthquake slip vectors to solve simultaneously for plate coupling and motion of a fore-arc block, estimating a fore-arc translation rate of 5.8 ± 5.5 mm a
at the latitude of Nicoya peninsula. Norabuena et al. [2004] used an improved GPS velocity field and estimated fore-arc motion of 8 ± 3 mm a À1 in the Nicoya region. Using GPS sites in the Nicaraguan fore arc, Turner et al. [2007] estimated a rate of arc-parallel motion up to 15 mm a À1 in northern Nicaragua assuming a dextral strike-slip boundary oriented N50W. Our best fit model (model 1, Table 3 ), which includes all the geodetic observations from the region and earthquake slip vectors, indicates 7.7 ± 2.5 mm a À1 at the latitude of Nicoya Peninsula, 8.4 ± 3.0 mm a À1 in central Nicaragua and 8.8 ± 4.3 mm a À1 in El Salvador suggesting no significant change in rate of fore-arc motion with À1 at the latitude of Nicoya Peninsula, to 9.6 ± 3.7 mm a À1 in central Nicaragua and 11.1 ± 6.4 mm a À1 in El Salvador.
[32] The motion of rigid fore-arc blocks results in the formation of both trailing and leading edges. The trailing edge may be expressed as a zone of lithospheric extension. Lewis et al. [2008] indicate that the trailing edge of this system is located in central Costa Rica on the basis of an analysis of background seismicity. The leading edge maybe expressed as a zone of convergence. For the Central American fore arc, the leading edge is an unstable plate boundary where four plates come together: the Caribbean, North American and Cocos plates and the Central American fore-arc block. The North American-Caribbean boundary becomes diffuse at this latitude and shortening occurs across the boundary. The shortening direction, however, is roughly normal to the motion of the fore arc [Guzman-Speziale and Meneses-Rocha, 2000 ].
As we model and describe below, fore-arc translation in Central America may be the result of Cocos Ridge collision. This process initiated after 5 Ma and could be as young as 0.5 Ma [MacMillan et al., 2004, and references therein] . Hence, the fore-arc system is still in the incipient stage of development and there has been a maximum of $45 km or minimum of $4.5 km of block translation and convergence. Furthermore, there is no well-defined margin-parallel strike slip fault as might be expected in a more tectonically mature system.
Deformation in Southern Costa Rica
[33] Plate motion models estimate the CocosCaribbean relative convergence rate at the latitude of Osa Peninsula is 90.5 mm a À1 with an azimuth of $26° [DeMets, 2001] (Figure 10 ). Our threedimensional block model predicts Cocos -fore arc relative motion here to be $84-87 mm a À1 at an azimuth of 24°to 28° (Table 3 ). The best fit estimate is 85.1 ± 4.2 mm a À1 at an azimuth of 28 ± 2° (Table 3 , model 1). Our best estimate of Caribbean -fore arc motion, 8.6 ± 3.2 mm a À1 at an azimuth of À24 ± 20° (Table 3 , model 1), is similar to earlier estimates [Plafker and Ward, 1992; Dixon, 1993; Suarez et al., 1995] . Recent geologic studies of shortening across the Fila Costena fold and thrust belt estimate 10 -40 mm a À1 of Quaternary shortening Sitchler et al., 2007] . This suggests that permanent shortening constitutes a significant fraction of Cocos -fore arc relative motion here.
[34] The elastic block models are not able to reproduce the counterclockwise and clockwise rotation of velocity vectors away from Cocos Ridge observed in central and southeastern Costa Rica and western Panama, nor predict fore-arc motion in areas where convergence is orthogonal to the trench. The surface velocity field has a distinct radial pattern away from the point where Cocos Ridge contacts the margin (Figure 4) , indicating that the upper crust is moving away from this region. Thickened CNS-2 and Cocos Ridge crust may act as a rigid or semirigid indenter. Fore-arc motion reflects tectonic escape from the rigid indenter. We test this scenario in the next section.
Geologic Deformation Model
[35] It has long been recognized that regions of oblique plate convergence may be associated with trench-parallel motion of a coastal block (fore arc), between the trench and volcanic arc [Fitch, 1972; Jarrard, 1986] . It is usually assumed that oblique convergence drives this fore-arc motion directly, via frictional coupling across the seismogenic portion of the plate interface. In this case, we might expect that the presence or absence of trench-parallel fore-arc motion, as well as the speed of the fore arc, is related to factors such as rate and obliquity of convergence, the degree of plate coupling, and the existence of a weak zone to accommodate fore-arc motion, e.g., thermally weakened crust associated with the volcanic arc [Beck, 1983; Jarrard, 1986; Beck, 1991; McCaffrey, 1992] . However, as discussed in the previous section, seismic coupling is low along most of the Nicaraguan segment of the Middle America margin, and fore-arc translation occurs even in southern Costa Rica where convergence is orthogonal. This suggests that oblique convergence may not be the only driving mechanism for fore-arc motion here.
[36] Subduction of seafloor bathymetric highs can have a profound effect on the subduction process and on upper plate deformation. Young and/or thickened oceanic lithosphere, including aseismic ridges like the Cocos Ridge or the D'Entrecasteaux Ridge offshore the New Hebrides, resist subduction due to buoyancy forces [Vogt et al., 1976; McCann and Habermann, 1989; Cloos, 1993] resulting in the evolution of a convergent margin from subduction to collision and permanent strain in upper plate lithosphere [e.g., Gardner et al., 2001; . On the basis of studies of upper plate deformation, it has been suggested that the Cocos Ridge acts as a rigid indenter, colliding with the Central American isthmus Gardner et al., 1992; Kolarsky et al., 1995] . Whether the Cocos Ridge is better considered to subduct or collide is not clear; while earthquakes clearly delineate a dipping slab in the north, at the latitude of the Cocos Ridge the slab can only be clearly followed to a depth of 60 km [Protti et al., 1994] . The collision model presented here can therefore be considered as one end-member, designed to test whether tectonic escape from the indenter is a viable driving force for fore-arc motion.
[37] We use a finite element (FE) model (G-TECTON [Govers and Meijer, 2001] ) to investigate long-term regional horizontal strain, modeling the collision of young, hot spot-thickened oceanic crust (CNS-2-Cocos Ridge crust) with southern Central America. This model differs substantially from the more conventional subduction strain accumulation models described above. Our FE model domain (Figure 11 ) consists of spherical shell elements with laterally varying rheology. The Caribbean plate, including the Nicaraguan and Honduran highlands, is treated as elastic lithosphere (Young's modulus 5 Â 10 4 MPa, Poisson ratio 0.3), consistent with geodetic and geologic observations for a rigid Caribbean plate [Sella et al., 2002; Lopez et al., 2006] . The volcanic arc and fore arc are treated as viscoelastic lithosphere (viscosity 10 19 Pa s, Young's modulus 5 Â 10 4 MPa, Poisson ratio 0.3; results are shown after 12 Maxwell times). The model domain is fixed along the northern boundary, which crosses the stable Caribbean plate, and free along the eastern and western boundaries, in agreement with interaction of the Caribbean plate with the North and South American plates [Dixon and Mao, 1997] (Figure 11) . The model includes two low-friction strike slip faults through the volcanic arc (in Costa Rica and Nicaragua -El Salvador, respectively) that allow strike-slip motion if required by model stresses. We use a velocity boundary condition equal to the Cocos-Caribbean convergence rate (90.5 mm a À1 ) to drive deformation along the MAT in the region of CNS-2-Cocos Ridge lithosphere (Figures 3a and 11 ).
[38] Figure 11 compares modeled and observed horizontal velocities. The model clearly captures the main features of the velocity field. In particular, it matches the observed high displacement rates inboard of Cocos Ridge, the rotation of vectors away from the ridge, and northwestward translation of the fore arc. We interpret this agreement to indicate that Cocos Ridge collision and subduction of thickened CNS-2 crust is a viable mechanism for driving tectonic escape and translation of the Central American fore arc, as well as permanent fore-arc shortening in the Fila Costena. Of course, this does not preclude other driving mechanisms from contributing as well. Our model represents only one end-member process (Cocos Ridge collision) and does not incorporate all of the relevant processes that may drive or resist fore-arc motion. These include subduction-related coupling and resultant strain accumulation, potential kinematic and dynamic effects of the semi-independent Panama block, and the effects of trench-parallel flow in the upper mantle [e.g., Hoernle et al., 2008] , all of which also likely affect the surface velocity field and the magnitude and distribution of forces affecting the fore arc.
Discussion
[39] The advent of high-precision GPS measurements for quantifying surface displacements has enabled an increasingly detailed picture of lithospheric deformation. In particular, it is becoming possible to address a long-standing question in continental tectonics, namely whether crustal deformation is best modeled as continuum versus block deformation [Thatcher, 1995] . The latter view essentially adopts the plate tectonics paradigm, where the crust is considered rigid, except where broken by faults. Faults behave as narrow weak zones over long time scales, focusing deformation and accommodating relative motion between blocks. On short time scales, the faults may be locked and elastic strain accumulation modifies the long-term velocity of sites within several lithospheric thicknesses of the fault. In our view, the block model is an excellent firstorder description of most continental deformation zones, which evolve to exploit zones of weaknesses that, because of the strain-weakening rheology of crustal materials, eventually become well-defined, block-bounding faults. Our numerical model is a continuum model, but also fits the observed deformation field quite well. This may reflect the fact that Cocos Ridge collision is a recent phenomenon, initiating within the last 5 million years, and possibly as young as 0.5 Ma [e.g., MacMillan et al., 2004, and references therein] , and the region has not yet had time to evolve into a set of blocks with well-defined fault boundaries. In particular, the boundary between the fore arc and Caribbean plate from central Costa Rica to El Salvador is a diffuse zone of conjugate faulting rather than a well-defined margin-parallel strike slip fault like the Sumatra fault. Furthermore, the western boundary of the Panama block (i.e., the Central Costa Rican Deformed Belt) lacks a clearly defined, throughgoing fault [Marshall et al., 2000] . A well-defined fore arc-Caribbean boundary will presumably develop in the future, perhaps leading to an increased rate of fore-arc motion as fault resistance decreases.
Conclusions
[40] A new regional surface velocity field for Central America reflects interaction between the Cocos and Caribbean plates. Most site velocities reflect two approximately orthogonal components. Northeast motion, in the direction of plate convergence, occurs at rates up to 44 mm a À1 relative to the interior of the Caribbean plate, and is best developed in the Osa and Nicoya peninsulas, Costa Rica. Northwest motion, parallel to the margin, is best exhibited by sites in northern Costa Rica and Nicaragua, and averages 8 mm a À1 .
[41] We interpret the northeast component to largely reflect the short-term, elastic response to locking on the boundary between the subducting Cocos plate and overriding Central American fore-arc block. We interpret the northwest component to reflect long-term translation of the fore-arc block. This translation is driven by either or both of two processes: (1) oblique convergence of the Cocos plate and slip partitioning and/or (2) collision of the Cocos Ridge with the Central America fore arc, whereby the ridge acts as a rigid or semirigid indenter, and fore-arc motion represents a form of tectonic escape.
